Introduction
Morphology represents an important tool in descriptive and analytical biology and particularly in palaeontology. Whereas early studies concentrated on qualitative description of morphological characters, there was a transition in the early 20th century leading to analytical approaches with quantitative elements (Thompson 1917 ; see also Bookstein 1998) . This new exploratory focus called morphometrics contained measurement data (metric values, angles etc.) and was introduced '. . .in order to describe changes in morphological characters and their correlation with other variables' (Adams et al. 2004) . Due to the lack of information about morphological characters of a given shape as a whole, a second transition was necessary that focused on shape and occurred in the late 20th century. The establishment of this 'geometric morphometrics', allowed the description of the entire shape of an organism or any part of its skeleton or shell and its geometrical features. This was such a big watershed that Rohlf & Marcus (1993) felt obliged to call it a 'revolution in morphometrics'. Two major methods are the landmark-based analysis and the outline analysis. The first concentrates largely on homologous points in the shape of morphologically similar individuals (Bookstein 1991) and the second provides differences in the form of shape outlines (Ferson et al. 1985) . With the aid of these methods it is possible to outline a morphospace containing a broad spectrum of morphological information representing the entire shape.
A morphospace divided in space and time allows the observer to identify morphological developments and enables them to compare these developments with ecological and environmental circumstances affecting the evolution of organisms. Since Eldredge & Gould (1972) proposed widespread stasis in fossil taxa, implying alternating phases with different evolution rates, research interest focused more and more on events that evoke such anomalies. Extinction events, which are normally followed by phases with an immense increase in the rate of evolution, can be considered as causes for huge diversification. According to Hallam & Wignall (1997) mass extinction events are mostly evoked by climatic changes, which, on their part, can be induced by various causes (mainly volcanism, sea level changes, bolide impacts). Hallam & Wignall (1997) described mass extinction events as causes for evolutionary dynamics. Besides the 'Big Five' (described by Raup & Sepkoski 1982) , which had an immense influence on many groups of organisms, several smaller mass extinction events, which were mostly limited to a few groups of organisms, took place during Earth's history.
A major aspect of research interest is the relationship of disparity and diversity (e.g. Foote 1993; Wills et al. 1994) . Contrary to the widely held belief of a strong correlation, Foote (1993) as well as Moyne & Neige (2007) discovered oppositional trends, leading to the awareness that both parameters are independent (see also Wills 2001) .
As several authors have concentrated on the morphology of Jurassic ammonites (e.g. Neige et al. 1997 Neige et al. , 2001 Courville & CrÖnier 2005; Navarro et al. 2005; Simon et al. 2010) , the research interest of this study is the analysis of morphospace dynamics in ammonoids from southern Germany compared to diversity changes over the Jurassic period. Furthermore, disparity and diversity changes are to be consulted for replication with changes that were postulated for Jurassic environments. Here, the characterization and differentiation of radiation and migration events is an important topic.
In our study we focus upon fluctuations of Jurassic ammonoid morphospace occupation within a geographically defined area ( Fig. 1 ) and the possible causes of these changes. In particular, two postulated Jurassic mass extinction events in the early Toarcian and in the late Tithonian, respectively, described by Hallam (1986) and Hallam & Wignall (1997) , were investigated on the basis of our data.
This study benefits from the improved resolution of the Jurassic time scale that allows us to construct a detailed morphospace series composed of 72 differentiated zones, with each zone averaging 0.75 Ma. Furthermore, this study concentrates on ammonite assemblages within a relatively small area (southern Germany), of which the palaeogeographic conditions are well-known. Dommergues et al. (2001) as well as Moyne & Neige (2007) remarked that research into Figure 1 . Paleogeographic map of the northern hemisphere for the Middle Jurassic (170 Ma) with underlying shapes of todays country's frontiers. The study area in southern Germany is marked with a rectangle (map from R.C. Blakey; http://jan.ucc.nau.edu).
museum-fossilrecord.wiley-vch.de large areas with cosmopolitan organisms merely provides vague data sets that are, as in the case of long time intervals, neither able to depict comparatively sudden local events nor able to differ between migration and radiation/extinction events. Hallam (1986) as well as Hallam & Wignall (1997) doubted the suitability of ammonoids for such analyses; their very nature as index fossils would make them susceptible to even weak changes, it might be this fact that qualifies them to detect environmental disturbances before other organism groups.
Jurassic environment
The Jurassic is one of the most intensely investigated periods of the geological record. The stratigraphy and the palaeogeographic patterns of faunas are well known. The resulting stratigraphic subdivision, according to Dean et al. (1961) and Schlegelmilch (1985 Schlegelmilch ( , 1992 Schlegelmilch ( , 1994 , is shown in Figure 2 . It provides an excellent framework for research about causes and processes and patterns of disparity changes in time and space.
The Jurassic distribution of landmasses and epicontinental seas was influenced by the break-up of Pangaea leading to the opening of the North Atlantic Ocean and the disintegration of Laurasia and Gondwana. The progressive continental break-up as well as major sea level changes during the Jurassic caused environmental changes in Central Europe, which was, compared to it's present day latitude located up to 30 further south (Irving 1964; Hallam 1971) .
According to Hallam (1971) the Jurassic European seas can be subdivided into two more or less separate realms, a northern Boreal and a southern Tethyan realm, distinguished by different faunas, with cephalopods as an example. The fact that southern Germany today lies upon the borderline separating these two fossil realms makes it an interesting research area.
The southern German shallow sea of the Early Jurassic was connected with the northern European Boreal region through the 'Hessische Straße' (Hessian Street). In contrast, it had only weak southerly connections to the Tethyan realm as a result of the Vindelician landmasses that largely separated the two marine realms (Kuhn 1953; Geyer & Gwinner 1986; Walter 1992) . During the Middle Jurassic the connection with the Boreal region was closing due to the westward expansion of the Bohemian landmasses; while the disappearance of the southern Vindelician landmasses opened connections with the Tethys Ocean (Geyer & Gwinner 1986; Walter 1992) . In the same interval the boundary between Tethyan and Boreal realms underwent a northward shift leading to the northward migration of Tethyan fauna (Hallam 1971 ). According to Cecca & Macchioni (2004) such a migration already took place at the Pliensbachian-Toarcian boundary in combination with a putative mass extinction in the early Toarcian. Vertical zonation of the water masses, e.g. with declining oxygen gradients (detectable in the early Toarcian Posidonienschiefer deposition of southern Germany), may have affected the occurrence of ammonoid species. Hallam (1993 Hallam ( , 1998 Hallam ( , 2001 ) outlined the climatic conditions of the Jurassic. According to his studies the Jurassic period had different climate zones with seasonal temperatures and humidity changes. Sea temperatures within 30 C around the equator were above presentday levels indicating tropical conditions. According to Hallam (2001) glacial episodes are not recorded. However, in contrast Dromart et al. (2003) postulated at least one glaciation at the Middle/Late Jurassic boundary accompanied by a global regression as well as extinction and southward migration of marine invertebrate communities.
Two mass extinction events were postulated to occur within the Jurassic period. The first was proposed for the early Toarcian (Hallam 1986 (Hallam , 1996 Hallam & Wignall 1997; Aberhan & Fçrsich 1996; Aberhan & Baumiller 2003) , when deep-sea anoxia, due to transgression, provoked a worldwide crisis. Cecca & Macchioni (2004) as well as Dera et al. (2010) described the Pliensbachian/Toarcian mass extinction as a twofold event, linked to a disruption of ammonoid fauna provinciality. The second Jurassic mass extinction occurred at the end of the Tithonian and was probably caused by the preceding end-Jurassic regression (Hallam 1986; Hallam & Wignall 1997) .
In spite of general transgressive trends during the Jurassic (apart from the end-Jurassic regression), Hallam (1996 Hallam ( , 1997 Hallam ( , 2001 ) described several small regression events that show some correlations with stage boundaries. According to Hallam (2001) a detectable, maybe global regression paralleled the Aalenian, and a local regression occurred in the Bathonian. Dromart et al. (2003) mention a further regression in the late Callovian.
Material and methods
The whorl cross-sections for morphometric analyses were taken from the monographic depictions of Schlegelmilch (1985 Schlegelmilch ( , 1992 Schlegelmilch ( , 1994 , who surveyed data from old monographs such as Quenstedt (1885 Quenstedt ( , 1886 Quenstedt ( , 1888 . Our analyses comprised a characteristic adult (often the final) whorl of all species of which sections were illustrated; only a few species could not be considered since the respective outlines were lacking. Illustrations from 1,200 species (368 Early, 418 Middle, and 414 Late Jurassic species) were scanned and then digitized and were then included in the analysis. Further diversity analyses were geared to the taxonomy given by Schlegelmilch (1985 Schlegelmilch ( , 1992 Schlegelmilch ( , 1994 .
Outline tracing was conducted, with the tpsdig program (Rohlf 2004) , by transforming each outline shape into 500 x/y-coordinates for the subsequent Elliptical Fourier Analysis (Foote 1989) . The software packages used to transform outline data into periodical functions were the programs hangle and hmatch introduced by Crampton & Haines (1996) . In our analysis we used 12 harmonics representing 24 Fourier coefficients.
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Hettangian he 2a Of the calculated principal components (PCs), the first three were plotted for each of the 72 stratigraphic zones. Finally, a calculation of quantitative measures illustrates the mathematical relations of the particularly widespread disparity and diversity, as the first describes morphological and the other taxonomical aspects. This was represented by the occurrences of genera and species per zone. In the case of morphological disparity, variance and range of the plotted morphospace were suited for further analysis. Variance is defined as the mean distance between all data points. Range describes the side length of a cube spanning the marginal points of the occupied morphospace. Quantification of morphospace occupation was achieved by using the first three principal components for each zone to calculate the sum of variance (SOV; the addition of the variances of the first three axes) and sum of range (SOR; the addition of the hypercube side lengths within the first three axes) as described by Wills (2001) . Subsampling was conducted in order to receive standardized results. In this case six random data points from each zone were used to repeat the operation 100 times for 71 of 72 zones because of the lacking number of data points in the last zone.
Morphospace of Jurassic ammonoids
Within the principal component analysis, 79 % of the entire ammonoid whorl section outline variance is explained by the first three axes (PC1 explains 34 %, PC2 25 %, and PC3 20 %). In order to depict a threedimensional scatter plot the coordinate axes PC1/PC2 and PC1/PC3 were used for further analyses (Fig. 4) .
Across some zonal boundaries SOV and SOR change markedly, while others are not accompanied by conspicuous changes (Fig. 5A) . Some of the Early and Middle Jurassic transitions between zones show extreme fluctuations, which sometimes seem to be linked to the appearance/disappearance of taxa in marginal positions of the morphospace. These data points represent the appearance of strikingly new morphologies, possibly caused by immigration.
Directional and non-directional changes of morphospace arrangement in combination with SOV, SOR, and the centroid position (i.e. the mean position of all morphospace data points) provide a well resolved picture of the temporal changes of ammonoid morphology relating to whorl cross sections. According to the results of Simon et al. (2010) we can distinguish three major modes of morphospace development that can occur between two adjacent zones:
1. Morphospace stasis accompanied by SOR with no or minor changes, respectively, whereas SOV and diversity may differ insignificantly. 2. Morphospace widening by heightening of the SOR.
This may be connected with an increasing SOV (morphospace inflation through occupation of the margins), stable SOV (randomly distributed entries) or decreasing SOV (predominant occupation of the morphospace centre). Significant changes in morphospace centroid may indicate immigration instead of radiation. Gradstein & Ogg (2004) . Southern German zones according to Quenstedt (1885 Quenstedt ( , 1886 Quenstedt ( , 1888 . Zonal scheme and zone index species according to Dean et al. (1961) and Schlegelmilch (1985 Schlegelmilch ( , 1992 Schlegelmilch ( , 1994 . Abbreviations: museum-fossilrecord.wiley-vch.de selection on the morphospace centre or a two-folded event of extinction and following occupation in different morphospace positions), stagnate (non-selective extinction or migration) or decrease (selective extinction by trimming of the margins). Here it is hardly possible to distinguish between extinction and migration events.
The scatter plots of the first three principal components show characteristic patterns for each of the three Jurassic epochs. Comparing the outline shapes with occupied areas it can be observed that changes in PC1 determine the imprint ratio of whorls. Increasing PC1 leads to more involute outlines as can be seen best in the diagram PC1/PC3 (Fig. 4B ). While the Early and Middle Jurassic taxa tend to occupy positions in a restricted area (apart from few data points certain areas of the possible morphospace are not occupied) the Late Jurassic scatter plot ranges the entire spectrum of the morphospace (Fig. 4) . The morphospace generally tends to disperse over the Jurassic period while the respective focal point differs. Especially the gradually increasing occupation of the morphospace, at values with negative PC1 and PC3, indicates a trend in morphospace occupation. While Middle Jurassic ammonoids just show sporadic approaches towards such morphs, ammonoids in the Late Jurassic already have such shapes integrated successfully in their morphology spectrum. Subsampling of the disparity parameters reveals disparity curves that show similar progression to the nonstandardized data (Fig. 6) . The SOR generally provides lower values than the raw data. Differences between raw and subsampled data in the SOV are weak apart from a smoothing of strong fluctuations. This indicates a dependence of the SOR, at least in small samples, and an apparent independence of the SOV on the sample size. However, both parameters show large error bars that overlap to a large extent. This fact qualifies the results and complicates interpretation. Nevertheless, we used SOV raw data as main parameter for disparity analysis. 
Dynamics of disparity and diversity
Comparison of scatter plot areas and whorl shapes shows that general trends of morphospace occupation are detectable. Similar species mostly plot together as well (Fig. 3) . During most of the Early Jurassic, at least up to the early Pliensbachian, diversity and disparity both show a general increase (Fig. 5) . However, during the Middle Sinemurian, there is a brief, marked dip in diversity and disparity, followed by a strong increase with its peak in the early Pliensbachian. Diversity and disparity diverge in the late Pliensbachian and do not show successive correlation at all.
In the subsequent course of the Jurassic, disparity is characterised by intermittent strong fluctuations. These are notable from the Toarcian to the Bajocian, but sudden decreases at the Toarcian/Aalenian boundary, in the al 2b zone as well as the bj 1b zone are very conspicuous. Afterwards, disparity (both SOV and SOR) shows irregular but moderate increase until the end of the Callovian. The Late Jurassic contains less disparity changes than the former epochs. During the Oxfordian and Kimmeridgian the SOV is located on a high-level plateau phase. A last peak at the beginning of the Tithonian is followed by a general decrease until the end of the Jurassic.
Genus diversity and species diversity show strong correlation in the course of the Jurassic (Fig. 5B) . During the Middle Jurassic diversity correlates conspicuously with sea level changes as described by Hallam (2001) . Regression phases (Aalenian, Bathonian) coin- Figure 6 . Subsampling results of disparity. Data are rarified 1,000 times to a set of 6 taxa, error bars cover 95 % confidence intervals. A. Raw and subsampled data of the sum of variance (SOV); B. Raw and subsampled data of the sum of range (SOR).
museum-fossilrecord.wiley-vch.de Table 1 . Diversity and disparity values for 72 Jurassic zones; zonal scheme according to Dean et al. (1961) and Schlegelmilch (1985 Schlegelmilch ( , 1992 Schlegelmilch ( , 1994 
Discussion of morphospace development
The total SOV spans values between 0.013 (si 2a) and 0.074 (bj 1a) ( Table 1) 
Early Hettangian-late Toarcian
After the end-Triassic mass extinction, possibly triggered by global regression (Hallam 1996 (Hallam , 1997 (Hallam , 2001 Hallam & Wignall 1997) , only two genera (Neophyllites, Psiloceras) have been found to be present in the first Jurassic zone (he 1; SOV ¼ 0.015). This faunal turnover may have its origin in a transgression beginning at the Jurassic (Geyer & Gwinner 1986; Hallam 2001) . Due to the absence of the species-rich genus Psiloceras and its replacement by other (species-poor) genera in the subsequent zones the species diversity decreases in the course of the Hettangian (Schlegelmilch 1992) , whereas genus diversity and disparity increase (he 2a; SOV ¼ 0.024). Thus an initial recovery of ammonoid faunas after the T/J event can be seen in diversity and disparity. Similar results are given by Dom- (1996) and Dommergues et al. (2002) , which concentrated on conch morphology and size, respectively. The increase of disparity in the early Sinemurian si 1a zone (SOV ¼ 0.038) is caused by the separation of the previously closely clustered morphospace occupation into two distinct fields (Fig. 7) . Despite remarkable changes in SOR and centroid position this separation can be considered as a disruptive evolutionary process because of the diversification of the persistent genus Angulaticeras within the segregated smaller cluster. This cluster generation indicates complex patterns of morphospace recovery (see Dommergues et al. 1996) .
Rapid trimming of the morphospace margins and the aggregation of the two separated clusters leads to significant decrease in diversity and disparity in the zone si 1b and continuing into zone si 2a (SOV ¼ 0.013; Figs 5, 6). The remaining small cluster can be interpreted as a 'stabilising selection' towards 'average morphologies' caused by a hitherto unknown event. An initiation of oxyconic conch shapes during the late Sinemurian involves the recovery of disparity and diversity (si 2c; SOV ¼ 0.032).
The Sinemurian-Pliensbachian transition is characterised by a strong increase in both diversity and disparity (pb 1a; SOV ¼ 0.043); here the number of genera doubles. Lytoceratids and phylloceratids occur for the first time in the Jurassic sediments of southern Germany (Schlegelmilch 1992) . Some genera reappear in the Pliensbachian after an absence in previous stratigraphic zones. These absences can be explained by immigration events, rather than by gaps in the fossil record, due to the combined appearance of new and Lazarus taxa within the same time interval. In spite of the proceeding transgression (Geyer & Gwinner 1986; Hallam 2001) variance and diversity drop down in the further course of the Pliensbachian. From the zone pb 2b on, diversity and disparity diverge and show no further correlation for the later intervals of the Jurassic.
During the Toarcian variation in conch morphology generally increases. Slight fluctuations in disparity are recorded; these are caused by variation of particular regions that are occupied in the morphospace (Fig. 8) . After a decrease at the Pliensbachian-Toarcian boundary, diversity values stagnate in the early Toarcian at low levels before a two-fold increase occurs in the second half of the stage. The subsequent strong decrease in diversity marks the boundary between the Early and Middle Jurassic. The similar occupation of morphospace directly after this event is suggestive of a random extinction or migration (Fig. 9) . Anyway, no directed development can be observed in our data. No evidence can be found in our disparity and diversity data for the postulated early Toarcian mass extinction event (Hallam 1986 (Hallam , 1996 Hallam & Wignall 1997; Aberhan & Fçrsich 1996; Aberhan & Baumiller 2003) ; only the fluctuation of variance with a nearly unchanged number of species is detectable at the beginning of the Toarcian. A conspicuous decrease of species diversity directly follows the preceding increase at the Sinemurian-Pliensbachian boundary and persists, apart from a small increase in the zone pb 2a, throughout the entire Pliensbachian (Fig. 5B) . This fact agrees with the results of Cecca & Macchioni (2004) , who stated an earlier occurrence of the mass extinction than in the early Toarcian but, however, not at the beginning of the Pliensbachian. The high resolution data of Dera et al. (2010) provide similar results as well. A possible explanation could be the general sensitivity of ammonoids towards environmental changes as mentioned by Hallam (1986) and Hallam & Wignall (1997) . Compared to more tolerant organisms, ammonoids would respond earlier to ecological crises. If there is no correlation between those occurrences, the Early Jurassic mass extinction appears to be an event that either affected only benthic organisms or did not take place in the northern Tethyan Ocean.
Early Aalenian-middle Bajocian
The short period between the early Aalenian and the early Bajocian is characterised by a low level disparity and diversity with very strong fluctuations in the SOV. A first slight upward trend of disparity can be seen in the zone al 1b when first morphospace clusters emerge (Fig. 9) . The highest variance value of the Jurassic (bj 1a; SOV ¼ 0.074) can be seen in this interval. Disparity has already decreased in the last zone of the Toarcian (tc 2c; SOV ¼ 0.037) and is caused by a diversity increase leading to an accumulation of morphospace points in a narrower area. A drastically decreasing diversity at the transition between the Early and Middle Jurassic accompanies a further decrease in disparity. The disparity curve of the late Aalenian and Bajocian fluctuates enormously between very high (bj 1a; SOV ¼ 0.023) and very low (bj 1b; SOV ¼ 0.074) levels (Fig. 5, Tab. 1 ). These discrepancies occur as a result of low diversity in this period allowing huge disparity changes by exchanging only few data points that partially plot together or show wide-ranging distances. 
Late Bajocian-early Callovian
A nearly continuous increase is recordable in the disparity curve between the zones bj 3c and cl 1a (SOV range ¼ 0.030-0.057). Apart from minor fluctuations during the Bajocian the only notable decline is located in the Bathonian zone bt 3a (SOV ¼ 0.037). The main reason for this decline may be a trimming of the morphospace margins by the, occasionally temporary, loss of morphologically extreme genera (e.g. Oxycerites).
Unlike the relatively consistent disparity curve, diversity continues to fluctuate during this period. The aforementioned correlation between diversity and sea level development accounts for the high, but fluctuating number of species in the Bajocian. A temporary peak is reached in the first zone of the Bathonian (bt 1a). Afterwards a strong decrease leads to low diversity values throughout the rest of the Bathonian. The subsequent rise of the species numbers at the Bathonian-Callovian boundary is the strongest in the Jurassic.
Callovian
The Callovian represents, in diversity as well as in disparity, a special case. The variance shows only insignificant increase at the Bathonian-Callovian transition but during the Callovian stage there is a significant decline of SOV, which is not compensated until the end of the Callovian (SOV range in the Callovian = 0.035-0.057). This decline interrupts the general increase of disparity during the entire Middle Jurassic.
Furthermore, the SOR increases significantly at the Bathonian-Callovian boundary (from 1.15 to 1.73; Fig. 5 ), which is caused by an extension of taxa into previously unoccupied morphospace areas (Fig. 10) . In fact species diversity for this time period shows the strongest increase within the Jurassic period. The genus diversity doubles and the species diversity quintuples between the Bathonian and Callovian. Diversity reaches a high level in the Callovian evoked by two phases of increase. This fast rise in species numbers in combination with increasing SOR can be explained by an immigration of Boreal ammonoid taxa into the Tethyan Realm as described by Thierry (2003) and Navarro et al. (2005) . In all likelihood, the decline of SOV during the Callovian is mainly caused by strong diversification within the genus Hecticoceras leading to an accumulation of similar morphospace points. Another reason appears to be the disappearance of the morphologically isolated genus Oxycerites (discoidal forms; Schlegelmilch 1985) . Migration events affected the disparity and diversity values, particularly in the early Callovian. This interpretation contradicts some of the results of Dromart et al. (2003) , who postulated a first southward migration of ammonoids at the Callovian-Oxfordian boundary. In our study no evidence was found for such a phase. In contrast, the decreasing diversity at the Callovian-Oxfordian boundary documents a lack of ammonoid species at the beginning of the Late Jurassic (Fig. 5B) . Furthermore, according to Schlegelmilch (1985) subboreal and boreal ammonoids are already abundant in the early Callovian (e.g., Kepplerites, Cadoceras) of southern Germany. It is possible that the overall immigration of boreal species was a multiple event that, however, already began in the early Callovian.
Early Oxfordian-late Kimmeridgian
The Late Jurassic begins with a significant decline of the taxonomic diversity, with the strongest overall decrease in species numbers at the Callovian-Oxfordian boundary. Here the number of genera falls from 20 to 8 and the number of species from 78 to 11. Four of these taxa appear, in the basal Oxfordian, in previously unoccupied areas of the morphospace, indicating changes of the environment and possible immigrations. The morphospace of the Late Jurassic ammonoids shows some peculiarities; previously unoccupied areas are now filled quickly in the PC1/PC3 scatter plot, where positions with negative values in both axes are occupied to a large extent in the early Oxfordian (Fig. 11) . The most common character that is shared by the members of these morphs is an offset keel at the external side of the conch. This character appears in several taxonomic groups.
The SOV increases rather rapidly at the CallovianOxfordian transition and keeps persisting around the high value 0.060 with only slight fluctuations until the early Tithonian. This high-level disparity is the consequence of the occupation of new marginal morphospace areas of the Late Jurassic ammonoids, with the result of larger relative distances between the few data points in zone ox 1a.
The Oxfordian ammonoids show a general increase but also very strong fluctuations in their diversity, in some cases between two successive zones (e.g. ox 1c-ox d, ox 1e-ox 1f; Fig. 5B ). Although slight fluctuations can also be seen in the SOV during the Oxfordian (ranging between 0.054 and 0.065) variance remains largely stable. This stability in combination with the strong diversity fluctuation indicates that environmental interferences were non-selective and affected all kinds of am- museum-fossilrecord.wiley-vch.de monoids in similar magnitude. In summary the Oxfordian is a stage where the taxonomic diversity was affected to a great extent.
The Kimmeridgian begins with a peak of taxonomic diversity in zone ki 1a with 90 species, which is the highest number for one zone within the entire Jurassic. In the course of the Kimmeridgian a strong diversity decrease results in 19 species in zone ki 3a. This decrease, which continues into the Tithonian, does not proceed continuously but in two main intervals (Fig. 5B) , thereof two in the Kimmeridgian. The first step already begins in the zone ki 1b and leads to a reduction in species numbers of almost a half of the previous number. Although disparity values remain stable (SOV ranging between 0.061 and 0.068) the morphospace shape changes in a peculiar way when the former scatter plot is split into three more or less separated clusters, which can be seen in the zone ki 1c (Fig. 12) . This indicates speciation processes.
The second interval of decrease takes place between the zones ki 2a and ki 3a. Here the three still existent clusters of ammonoid morphology are similarly affected, which leads to a total disappearance of the smallest one. This pattern suggests that the reason for this decline was non-selective. The successive slight increase of diversity results in the combination of the two remaining clusters. During the last two Kimmeridgian zones, a slight recovery of diversity can be recorded.
Tithonian
At the beginning of the Tithonian the SOV increases because of an equal and broad scattering of morphospace points until it reaches the maximum disparity in the zone ti 1b (SOV = 0.070). The subsequent decrease of disparity (SOV~0.045) accompanies the third interval of decrease in diversity. The equal decrease in all morphospace areas indicates again a non-selective extinction. Afterwards the remaining small scatter plot slightly expands over the following next four zones involving an increase of the genus and species number at the same time before the fourth decrease leads to the final decline of diversity.
Missing taxonomic data for the last zone (ti 4) and accordingly for the entire late Tithonian prevents the possibility of a detailed disparity analysis. As a result it is impossible to discuss a putative second mass extinction event in the late Tithonian as postulated by Hallam (1986) and Hallam & Wignall (1997) . Up to now, only one ammonoid species (Haploceras elimatum Oppel, 1865; Schlegelmilch 1994 ) is known from the zone ti 4. The overall decrease of the ammonoid diversity throughout most of the Late Jurassic parallels the sea level regression described by Geyer & Gwinner (1986) .
Summary
The analysis of 1,200 ammonoid species from southern Germany yields a detailed morphospace that provides the expression of disparity measures like SOR and SOV as well as the changes of the scatter plots in a chronological order. The SOV is, compared to the SOR, stable with regard to the sample size, which makes it an excellent tool for disparity analyses. However, subsampling reveals that standardized data does not provide accurate results. An interpretation of the data can therefore merely be made with non-standardized values. Examination of the morphospace, split up into the three epochs, provides three different scatter plots with respective characteristics. A comparison of disparity and diversity shows that correlation is limited, despite the similar progression throughout the first stages of the Early Jurassic. Here, two major processes can be detected that affect both diversity and disparity in the same way; a sudden decrease in the Sinemurian and the subsequent strong increase in the early Pliensbachian indicate environmental disturbances.
A correlation can be found between sea level change and variation in diversity. Major changes of diversity occur several times during the Jurassic; the BathonianCallovian transition is characterised particularly by a markedly sudden increase of diversity. The patterns of SOV and SOR indicate migration activities. The occurrence of boreal ammonoids in the early Callovian supports this hypothesis.
Diversity data of the Late Jurassic indicate some disturbances that, however, can only be regarded as nonselective in most cases because of merely minor changes in disparity values. The final decrease of diversity and disparity could be the result of a preceding regression at the end of the Jurassic.
Two postulated mass extinctions in the early Toarcian and in the late Tithonian, respectively, can neither be accepted nor rejected. Though ammonoid faunas did not seem to be affected by the first event it is possible that benthic organisms suffered even more from disadvantageous environmental conditions. The second event is not detectable in disparity and diversity because of missing data for the entire late Tithonian. However, decreasing values since the early Kimmeridgian allow the assumption of a final event (most likely a regression) that drastically decreased ammonoid diversity in southern Germany. 
